Thermally and mechanically dependable two-dimensional ͑2D͒ photonic band gap lasers are proposed and realized at room temperature. The thin slab photonic band gap laser structure is sandwiched between air and a drilled aluminum oxide layer provided by wafer fusion techniques. In this thin slab structure, the optical confinement of photons is achieved by 2D triangular photonic lattice in horizontal plane and total internal reflection in vertical direction. Pulsed lasing action is observed at 1.54 m by optical pumping with duty cycle up to 10%. Polarization characteristics of two-dimensional photonic band gap defect modes are also studied below and above the lasing threshold.
Radiation rate of an excited atom can be controlled by changing the distribution of electromagnetic modes near the atom by use of a cavity. 1 Photonic band gap cavity can be used to enhance the radiation of light source to a desired mode while inhibiting that to unwanted modes. 2, 3 With this tailoring of electromagnetic modes, dramatic improvement of light emitting devices is expected. Zero-threshold lasers, high efficiency light emitting diodes, and tight bending waveguides for an optical integrated circuit would be realizable items in the not too distant future. 4 Two-dimensional ͑2D͒ photonic band gap ͑PBG͒ structures have attracted a great deal of attention due to simplicity in fabrication and theoretical study as compared to the threedimensional ͑3D͒ counterparts. When 2D PBG is coupled with total internal reflection in third dimension, a PBG for TE-like polarization can be found for guided modes using a triangular lattice of air holes. [5] [6] [7] [8] In addition, by using a slab waveguide with thickness of /2, the number of the guided transverse modes in the un-drilled homogeneous region can be reduced to one for TE and TM transverse mode, respectively. In this case, if the active material is made to emit only TE-polarized photons, almost all the photons generated in the homogeneous region can be made to couple to the single lowest TE-like transverse mode within the TE-like band gap. Moreover, in this planar structure, even electrical pumping becomes relatively straightforward. Recently the air-guided 2D slab PBG lasers were reported by a Caltech group. 9, 10 However, lasing action was limited because of thermal problems. In this letter, we propose and report the thermally and mechanically reliable 2D slab PBG laser structure employing wafer fusion techniques. 11 The structure of our 2D slab PBG laser is schematically shown in Fig. 1 . As the active light emitting material, six strain-compensated InGaAsP quantum wells ͑QWs͒ are placed in the middle of a thin waveguide prepared by metalorganic chemical vapor deposition ͑MOCVD͒ on InP substrate. InGaAsP is chosen because of its relatively low nonradiative surface recombination velocity. Surface recombination can be detrimental to PBG lasing since the surface-to-volume ratio is large in photonic crystals. 12 Compressive strain of 0.6% is introduced in the quantum wells for preferred coupling to TE-like PBG modes which have electric field components almost parallel to the slab in the middle of the slab. 13 The thickness of the slab is chosen to support only one TE-like PBG mode which has an antinode at the center of the slab as shown in Fig. 1͑b͒ . The InP buffer layer is added to protect the QWs from the fusion interface.
14 If this layer is too thin, photoluminescence ͑PL͒ degrades rapidly. The lattice constant and the hole size are determined by the 3D plane-wave expansion method. 15 And the calculated center wavelength of the TE-like band gap is plotted as a function of lattice constant as shown in Fig. 2 A scanning electron micrograph of a typical fused 2D PBG is shown in Fig. 3 . The cavity has seven defects along the horizontal direction. The lattice constant is 400 nm and the radius of holes is ϳ124 nm. The thickness of slab is 320 nm. With these parameters, the PBG for TE-like guided modes exists from 1220 to 1625 nm. The PBG cavities are optically pumped by a 980 nm InGaAs laser diode at 1MHz with 10% duty cycle at room temperature. The pump spot size is ϳ4.6 m which is slightly larger than the cavity size to saturate absorption outside the central cavity where triangular PBG lattice is formed. Room-temperature lasing is observed at 1.54 m with a threshold pump power of 10 mW. The light-light curve is shown as an inset of Fig. 4 . Here the pump power represents the peak optical power incident on the sample. In our measurement only light scattered into the vertical direction is collected and measured. Typical PL and lasing spectra are shown in Fig. 4 line, respectively. The PL spectrum from the unpatterned region using the identical pump power is also shown for comparison. Note that the below-threshold PL spectrum contains several distinct resonant peaks. It is interesting to note the rapid development of the 1.54 m peak into the lasing mode which is much weaker than the other peaks at the initial stage of pumping. We also observed lasing action from the larger PBG cavities with similar pump power. However, for the PBG cavities smaller than seven defects, no lasing is observed.
The polarization dependence of below-threshold spectra is studied by using a polarizer placed in front of the detector. When the polarizer axis is aligned along a certain direction, two arrowed resonance peaks disappear simultaneously as shown in Fig. 5͑a͒ . As we keep rotating the polarizer, another set of peaks disappears simultaneously. To further understand this observation, the individual resonant peak is spectrally filtered through a spectrometer and then polarization characteristics are examined by rotating the polarizer. The results are summarized in Figs. 5͑b͒-5͑d͒. The measured power corresponding to each resonance oscillates between maxima and minima. The minima appear at multiples of 30°. The free spectral ranges measured from the two marked resonant peaks in the same polarization state are 98.6, 101.6, and 101.5 nm. Using a refractive index of n ϭ3.4, these values correspond to the effective cavity length of 8.1, 8.2, and 8.4 in the unit of the lattice constant. Note that they are slightly larger than the horizontal cavity size of seven lattice constants, which implies the rapid decay of electromagnetic fields inside the PBG lattice. Slight distortion in this graph is partially attributed to the depolarizing optical components such as a beam splitter, collecting optics and a spectrometer.
For the 2D PBG lasing peak at 1.54 m, the polarization characteristics become different from those of the belowthreshold PL spectra as shown in Fig. 5͑e͒ . Although preferential polarization direction can easily be identified, the 2D PBG laser mode is clearly not in one definite polarization state. It implies that this single-frequency laser oscillates in a low-loss 2D cavity mode which cannot be represented by a single polarization state. Comparison of the data in Fig. 5͑e͒ with Figs. 5͑b͒-5͑d͒ helps to understand this situation visually.
In summary, we demonstrate two-dimensional slab photonic band gap lasers operating at room temperature by optical pumping with a duty cycle of 10%. These structures are made by wafer fusion, which promises good thermal conductivity and mechanical robustness. This thermally and mechanically reliable structure is expected to open up a new horizon for research on active two-dimensional photonic band gap devices. This study is supported by the National Laboratory Project of Korea.
